INTRODUCTION
============

The biochemical function of a protein with known 3D structure can be elucidated by searching for proteins with similar folding patterns and known functions. However, similar folding alone is not a guarantee of similar biochemical function and conversely, the same biochemical function can be performed by differently folded proteins. It now seems clear that the binding sites in a protein, rather than its folding patterns, are a primary determinant of its biochemical function ([@B1; @B2; @B3; @B4]).

In this article, we introduce ProBiS (protein binding sites), a web server for the recognition of similar surface regions in a database of non-redundant protein structures. The web server ProBiS, is based on the ProBiS algorithm that has been described previously ([@B5; @B6; @B7]).

ProBiS first defines the solvent accessible surface by rolling a probe of 1.4 Å radius over the protein atoms represented as van der Waals spheres, then a region ∼4 Å below the surface is defined as surface structure for comparison. Therefore, residues that are near the surface, but do not directly contact the ligand, will also be labeled as surface residues. ProBiS then compares this entire surface structure of a query protein with no reference to known binding sites to each of about 24 000 non-redundant protein structures in a database which is updated weekly. Structures with surface regions with geometry and physicochemical properties similar to those in the query structure are retrieved.

The surface structure being compared is searched by the ProBiS algorithm ([@B7]) for all possible similarities and the similar regions are identified based on our maximum clique approach. Each maximum clique, i.e*.* its rotational--translational variation, represents a rigid, local similarity, which is then used to locally superimpose the two compared protein structures. Finally the two compared structures are subject to local alignment of their backbones, which are conserved but have different conformations in the two compared proteins. At this point, the ProBiS can detect conserved structure buried under the protein surface.

Structural conservation scores are calculated for all conserved amino acid residues of the query protein and reveal the extent to which a particular residue appears in the local structural alignments that were found within the protein database. These scores are represented as different colors on the query protein structure.

Given a structure of a protein with unknown binding sites, ProBiS suggests the regions on its surface which may be involved in binding with small ligands, proteins or DNA/RNA. Alternatively, given a protein with an identified binding site, ProBiS finds other proteins with structurally or physicochemically similar binding sites. If used as a pairwise structure alignment program, ProBiS detects and superimposes similar functional sites in a pair of submitted protein structures, even when these do not have similar folds.

A number of web servers for local structural alignment, or for detection of similar 3D structural motifs, have recently become available. These include eF-seek ([@B8]), FunClust ([@B9]), MegaMotifBase ([@B10]), MolLoc ([@B11]), MultiBind ([@B12]), PAR-3D ([@B13]), and PINTS ([@B14]). In contrast to these programs, ProBiS performs pairwise local structural alignments of an entire query protein surface to several thousand protein structures in a completely unsupervised mode, and in a reasonable time (\<1 h), thus enabling the discovery of previously unknown binding sites in the query protein structure.

HARDWARE AND SOFTWARE
=====================

The ProBiS server consists of 18 computers each with two Intel Xeon 2.26 GHz processors. Each processor consists of four cores and each core of two threads. Each submitted job is assigned to the first free computer and 16 ProBiS threads are run in parallel on this computer.

For the most efficient use of ProBiS, Java should be enabled in a browser. The Jmol applet (<http://www.jmol.org>), which is a molecular viewer used to visualize ProBiS results, requires that Java Runtime Environment be installed. If Java is not enabled, ProBiS will still work but with a reduced functionality, in which a static picture, rendered in PyMOL (<http://www.pymol.org>), of the query protein with its residues colored by the grades of similarity will be displayed.

ProBiS INPUT
============

ProBiS performs binding site detection on the query structure by multiple pairwise comparison of a query structure with the database of currently some 24 000 protein structures (the number of proteins currently in the database, which is updated weekly, is posted on the input page). ProBiS can also perform pairwise local comparisons of two structures. The data required to use ProBiS are shown in [Figure 1](#F1){ref-type="fig"}. Figure 1.ProBiS input page. The PDB ID or an uploaded PDB file; Chain ID(s) (case sensitive); optional email address to receive the results.

ProBiS OUTPUT
=============

The ProBiS results page shown in [Figure 2](#F2){ref-type="fig"} uses an integrated Jmol molecular viewer, in which the input query structure is colored by the discrete structural conservation scores from unconserved (blue) to conserved (red). Figure 2.ProBiS output page. Conserved binding sites and two different local structural alignments (the two insets) of the query allophycocyanin (PDB ID: 1all) with a retrieved similar protein (PDB ID: 1phn) are shown.

A structure-based sequence alignment (SBSA) box on the right contains local structural alignments of the query with each aligned database protein, represented in tabular form as sequence alignments. At the top of the SBSA box, the query protein's sequence is shown with its amino acids highlighted from unconserved (black) to conserved (red). The panel below contains the first 100 aligned proteins, listed in order of decreasing alignment lengths. Each row of this panel contains the data for one aligned protein, characterized by its PDB code, Chain ID and a tabular list of aligned residues, where each aligned residue is in the same vertical column as its corresponding residue in the query protein; user may use the 'Next' and 'Previous' buttons to navigate between different panels.

Faded, gray colored residues in the SBSA box adopt different conformations in the aligned and in the query protein structures (e.g. see in [Figure 2](#F2){ref-type="fig"}, row with the aligned protein 1jboB and amino acid motif ADA), dark residues are structurally well conserved and define the rotation and translation that superimposes the specific aligned protein onto the query protein. There may be many different local superpositions of an aligned protein to the query protein and positioning the mouse cursor on an aligned structure's conserved residues, opens a small window with information about this specific alignment, such as alignment number, PDB code and Chain ID of the aligned protein, total alignment length, *E*-value (expectation value) and RMSD between the C-α atoms of the superimposed residues.

Clicking on any part of a retrieved protein sequence, which is highlighted in light-blue color when the cursor is over it, will display the local superposition of the query and the corresponding database protein in the Jmol viewer on the left. When present in the database or the query protein PDB formatted structure file, ligands, designated by the HETATM keyword, are also shown in the Jmol viewer. Ions are displayed as space-filling models, larger ligands are represented as stick models. If Java is not installed, downloading of a PDB formatted file containing the locally superimposed proteins will be initiated. If the 'Show fingerprint residues' checkbox is checked, fingerprint residues, which may be parts of conserved binding sites, are shown as red vertical bars.

Alignment scores determine the number of proteins that are presented in the structure-based sequence alignment. Adjusting the criteria to which each local structural alignment must conform then pressing the 'Filter' button, leads to recalculation of the web-page with new alignment scores.

EXAMPLE OF DETECTION OF BINDING SITES
=====================================

ProBiS was used to detect binding sites in the heterotrimeric G-protein (PDB ID: 1got) which relays hormonal signals from transmembrane receptors to intracellular effectors. This study used the α-subunit (1got, Chain ID: A) as the input structure for ProBiS. The α-subunit and the β--γ subunit bind to one another and to a GDP molecule. The G-protein contains several possible binding sites, and is thus a useful test of the ability of ProBiS to detect authentic binding sites. In [Figure 3](#F3){ref-type="fig"}A the G-protein, color coded to indicate the degree of structural conservation, is shown. The program retrieved 408 locally similar protein structures and predictions of binding sites were obtained by calculating the structural conservation scores for the query protein residues based on these 408 retrieved structures. The results are at <http://probis.cmm.ki.si/examples.html> and aligned structures are shown in [Figure 3](#F3){ref-type="fig"}B. Figure 3.Detection of GDP binding site in G-protein. (**A**) The GDP binding site with the structurally conserved P-loop. Residues with high structural conservation scores are marked red. (**B**) The P-loop motif GESGKST is designated as the most structurally conserved part of this protein; these residues are detected as the fingerprint residues.

PERFORMANCE
===========

A pairwise alignment of two proteins, each of around 180 amino acid residues takes about 1 s to compute. The time to query the non-redundant protein structures database ranges from 10 min for a query protein with about 180 residues (e.g. 1ytfA), to 50 min for a query protein with 450 residues (e.g. 1bncA).

CONCLUSION
==========

ProBiS allows local structural alignments of proteins and, with no prior knowledge of binding sites, detects these sites independently of the sequence and the fold of the proteins.
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